Background/Aims: This study focused on the oncogenic role of Diphthamide biosynthesis 1 (DPH1) in colorectal cancer (CRC) cells. Methods: The expression of DPH1 was determined by quantitative RT-PCR analysis and western blotting in CRC tissues. The role of DPH1 in CRC cells was investigated via cell viability and invasion assays under the condition of DPH1 silencing or overexpression. Bioinformatics analysis and luciferase reporter analysis were used to identify the upstream microRNA which might regulate DPH1.The inverse correlation between the microRNA and DPH1 was also detected in CRC cells. Results: We identified an unexpected role for DPH1 as an oncogene in CRC cells. The tumour-suppressive miR-218-5p regulates DPH1 directly and negatively. Loss of miR-218-5p drives the oncogenic role of DPH1 in CRC cells. Conclusion: The modulation of DPH1 by miR-218-5p may be an important regulatory axis during CRCtumourigenesis.
Diphthamide Biosynthesis 1 is a Novel Oncogene in Colorectal Cancer Cells and is Regulated by MiR-218-5p

Introduction
According to cancer statistics, CRC is both the third most common form of cancer and the third most frequent cause of cancer deaths in the USA [1] . In China, colorectal cancer is one of the most frequently diagnosed cancers, amounting for 9.2% of all new cancer cases and 7.09% of all cancer deaths [2] . Although decreasing colorectal cancer mortality has been observed worldwide in recent years, the incidence trend has been increasing. Therefore, it is still necessary to investigate the pathogenesis of CRCand develop more effective prevention strategies and therapeutics for patients with CRC.
Diphthamide biosynthesis 1 (DPH1), also known as OVCA1 (ovarian cancer-associated gene 1), encodes an enzyme that performs posttranslational modifications on translation elongation factor 2 (EF2) in the biosynthesis of diphthamide in eukaryotes [3] . DPH1 used to be considered a tumour suppressor gene because its deficiency correlates with the development of both ovarian and breast cancer [4, 5] . However, in the last decade, there have been few reports on the tumour suppressive role of DPH1 in other tumour phenotypes. In this article, we investigated the expression pattern of DPH1 in human CRC tissues. Unexpectedly, we found that DPH1 protein levels were upregulated in CRC tissues, suggesting that DPH1 may play a different role in CRC.
microRNAs (miRNAs) are small single-stranded non-coding RNA molecules that typically reduce the translation and stability of mRNAs by targeting the 3' untranslated region (3'UTR) of mRNAs [6] . miRNAs play significant roles in many cell functions including cell cycle, proliferation and invasion. Dysregulation of miRNA expression can lead to pathogeneses such as cancer [7] . miR-218 is a well-known tumour suppressor in a number of cancers, including CRC [8, 9] , lung cancer [10] and breast cancer [11] . In CRC, miR-218 was reported to inhibit cell cycle and to promote apoptosis [12] . Decreased miR-218 expression has been reported to correlate with poor prognosis in CRC patients [9] . However, the underlying molecular mechanism of the contribution of miR-218 to CRC tumorigenesis is not fully understood.
In this paper, we validated that DPH1 functions as an oncogene in CRC cells. We next experimentally confirmed the negative regulation of DPH1 by miR-218-5p in CRC cells. We also showed that loss of miR-218-5p expression leads to an increase in DPH1 in CRC, which in turn promotes cell proliferation and invasion in CRC cells.
Materials and Methods
Human tissues and cells
The colorectal cancer tissues (T) and their noncancerous tissues (N) were obtained from the Affiliated Gulou Hospital of Nanjing University (Nanjing, China). Tissues fragments were transported in liquid nitrogen and stored at -80°C. The patients approved this study. Quantitative RT-PCR was performed to quantify miRNA levels and mRNA levels (see our previous study for details [24] ).The primers for PCR amplifications 
Protein extraction and Western blotting
Protein was extracted from cells or tissues using ice-cold RIPA lysis buffer (Beyotime, Shanghai, China) with freshly added PMSF (Beyotime, Shanghai, China). The concentration was quantified via Pierce BCA protein assay kit (Thermo Scientific, Rockford, IL, USA). The expression patterns of DPH1 were assessed by Western blotting with DPH1 antibody (ab185960, Abcam's RabMAb technology, USA), and normalized to GAPDH (sc-25778, Santa Cruz Bio-technology, USA).
miRNA overexpression or knockdown Cells were transfected with a synthetic RNA oligonucleotide duplex mimicking the miRNA precursor to overexpress miRNA. For this article, it is called pre-miR-218-5p. A synthetic, single-stranded antisense oligonucleotide targeting the mature miRNA was used to knock down miRNA. For this article, it is called anti-miR-218-5p. Synthetic RNA molecules were purchased from RiboBio (Guangzhou, China). Seeded on 12-well plates, cells were transfected with RNA duplexes using Lipofectamine 2000 (Invitrogen) according to the manufacturer's guidelines. The medium was changed to 2% FBS 1640 after 6 h. Cells were collected at 24 h and 48 h after transfection for RNA isolation and protein extraction, respectively.
SiRNA interference assay and plasmid construction
The siRNA sequences (RiboBio) were as follows: DPH1 siRNA-1:5'-AGGGCGCCAGATCAGACTT-3' (sense); DPH1 siRNA-2: 5'-GTGCATTGTGCTTCCGCTC-3' (sense); DPH1 siRNA-3: 5'-GCCGAGCTCGTGTGCCTCA-3' (sense). A plasmid (Realgene, Nanjing, China) encoding the full-length open reading frame (ORF) of DPH1 was designed to overexpress DPH1. For this article, it is called DPH1 plasmid. Cells were transfected with plasmids or RNA duplexes using Lipofectamine 2000 (Invitrogen) according to the manufacturer's guidelines. The medium was changed to 2% FBS 1640 after 6 h. Cells were collected at 24 h and 48 h after transfection for RNA isolation and protein extraction, respectively.
Luciferase reporter assay
The 3'UTR of DPH1 was cloned and inserted downstream of a p-MIR-reporter plasmid (Ambion, Austin, TX, USA).To construct a mutated reporter plasmid, the binding site of miR-218-5p was mutated from AGCACA to TCGTGT. Luciferase reporter assays (see our previous study for details [24] ) were performed 24 h after transfection of SW480 cells.
Cell viability assay
Six hours after transfection, SW480 cells were seeded onto 96-well plates at 5 × 10 4 cells per well and incubated in 10% FBS 1640.The numbers of cells were assessed at 12, 24, 36, 48 and60 h using Cell CountingKit-8(CK04-500, Dojindo). 10 μL Cell CountingKit-8 solution per well was added into the medium. After incubation for 3 h, absorbance was measured at 450nm. An EdU proliferation assay was also used to determine cell viability.EdU Cell Proliferation Assay Kit was purchased from Ribobio (Guangzhou, China). Six hours after transfection, SW480 cells were seeded onto 48-well plates. Forty-eight hours later, the cells were incubated with 50 μM5-ethynyl-2'-deoxyuridine (EdU) according to the manufacturer's guidelines. After incubation for 8 h, fixation, permeabilization and staining were performed successively. A florescence microscope was used to capture the nucleated cells and to determine the proportion of EdU positive cells.
Cell invasion assay
Cell invasion assays were performed using 24-well 8-μm-pore-sized chambers (BD Biosciences, Bedford, MA, USA)which were coated with a thin layer of Matrigel. Six hours after transfection, SW480 cells were seeded onto the upper chamberat 2 × 10 4 cells per well with serum-free 1640 media. The lower spaces were added with 10% FBS 1640.Cells were incubated and allowed to invade for 48 h. After fixing with icecold methanol and staining with 0.1% crystal violet solution, cells from the upper face of filters were moved with cotton swabs. Different views of 20× fields were captured from each membrane and the numbers of cells per field were counted.
Results
DPH1 functions as an oncogene in CRC cells
We examined DPH1 expression patterns of 13 paired CRC tissues and their corresponding noncancerous tissues. Both the protein and mRNA levels of DPH1 were observed to be dramatically increased in CRC tissues compared with the noncancerous tissues (Fig. 1A -1C) .
To determine the effects of DPH1 on CRC cell functions, we knocked down and overexpressed DPH1 in the human CRC cell lines SW480 and HT29. To silence DPH1, small interfering RNAs targeting DPH1 (DPH1 siRNAs) were designed. To overexpress DPH1, a plasmid specifically expressing the full-length DPH1 ORF (DPH1 plasmid) was designed. Effective knockdown or overexpression of DPH1 is shown in Fig. 2A-2B . DPH1 siRNA-3 and DPH1 plasmid were selected for further experiments. We performed CCK-8 and EdU assays to investigate cell proliferation and the transwell invasion assay to investigate cell invasive capability. SW480 cells transfected with DPH1 siRNA-3 showed a decline in cell proliferation (Fig. 2C-2F ) and cell invasion ( Fig. 2G and 2H) , whereas SW480 cells transfected with DPH1 plasmid exhibited an increase in cell proliferation (Fig. 2C-2F ) and invasion ( Fig. 2G and 2H) . These results indicate that DPH1 functions as an oncogene rather than a tumour suppressor in CRC cells. 
Confirmation of DPH1 as a novel target of miR-218-5p
Next, we determined how DPH1 was upregulated in CRC cells. Because miRNAs are powerful upstream regulators of genes, we wondered whether any miRNAs were involved in DPH1 regulation. Using three publicly available algorithms (TargetScan [13] , miRanda [14] and PicTar [15] ), miR-218-5p, a well-known tumour suppressor, was predicted as a candidate regulator of DPH1. The illustration of hybridization between miR-218-5p and DPH1 3'UTR is shown in Fig. 3A , the minimum free energy value of which is -17.2 kcal/mol. Furthermore, the binding sequence is highly conserved across multiple species.
Next, we assessed the levels of miR-218-5p in the CRC and noncancerous tissues using quantitative RT-PCR. Consistent with previous studies, miR-218-5p levels were decreased in CRC tissues compared with noncancerous tissues (Fig. 3B) . To examine the correlation between miR-218-5p and DPH1, we evaluated DPH1 expression after either increasing or decreasing miR-218-5p levels in SW480 and HT29 cells using pre-miR-218-5p or antimiR-218-5p. Effective overexpression and knockdown of miR-218-5p is shown in Fig. e 3C . Consequently, the DPH1 mRNA and protein levels were significantly decreased due to miR-218-5p overexpression and increased due to miR-218-5p knockdown (Fig. 3D-3F ). These results prove that miR-218-5p negatively correlates negatively with DPH1 in CRC cells. To determine whether miR-218-5p directly targets DPH1 by binding to the DPH1 mRNA 3'UTR, we performed luciferase reporter assay. As expected, significantly reduced luciferase activity was observed in the cells transfected with pre-miR-218-5p while the activity was increased in the cells treated with anti-miR-218-5p (Fig. 3G) .Furthermore, the activity of mutated luciferase reporter was unaffected (Fig. 3G) . These results validated that miR-218-5p directly targets DPH1 in CRC.
miR-218-5p suppresses CRC cell proliferation and invasion by regulating DPH1
We hypothesized that miR-218-5p suppresses CRC carcinogenesis by inhibiting DPH1 expression. Thus, we further analysed the biological effects of DPH1 gene repression by miR-218-5p in SW480 cells. As the results show, cells treated with pre-miR-218-5p exhibited reduced cell proliferation (Fig. 4A-4D ) and invasion ( Fig. 4E and 4F ), whereas cells transfected 
with anti-miR-218-5p displayed increased cell proliferation (Fig. 4A-4D ) and invasion ( Fig.  4E and 4F ). We further investigated whether the influences of miR-218-5p on the CRC cells come out of miR-218-5p-driven DPH1 repression. We found thatSW480 cells co-transfected with pre-miR-218-5p andDPH1 plasmid displayed a significantly higher viability activity (Fig. 5A-5C ) than cells treated with pre-miR-218-5p, implying that miR-218-5p-resistant DPH1 suffices for reverting the miR-218-5p-driven repression of DPH1 and reducing the anti-proliferative abilities of miR-218-5p in CRC cells. Analogously, we observed that cells co-transfected with pre-miR-218-5p and DPH1 plasmid had higher invasive rates than cells transfected with pre-miR-218-5p alone ( Fig. 5D and 5F ). These data manifest that miR-218-5pcouldsuppress cell viability and cell invasion through knocking down DPH1.
Discussion
Many factors contribute to CRC including genetic alterations and epigenetic alterations. In this study, we found that the miR-218-5p/DPH1 axis plays an oncogenic role in CRC by promoting CRC cell viability and cell invasion. 
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For many years, DPH1 has been known as a putative tumour suppressor in ovarian cancer and breast cancer. In 1999, DPH1 was first reported as a candidate tumour suppressor that inhibited cell growth in ovarian cancer [4] . Years later, a number of studies suggested a tumour suppressive role for DPH1 in ovarian and breast cancers [5, 16] . But DPH1 is ubiquitously expressed in human tissues during various stages of development [17] , not just in the ovary and breast. Aberrant DPH1 expression in different areas of the body might result in other diseases. For example, Yu et al. reported that DPH1 deficiency in the neural crest contributes to craniofacial abnormalities in patients with Miller-Dieker syndrome [18] . We found that DPH1 is overexpressed in CRC and correlates with CRC pathogenesis. This is the first report demonstrating the participation of DPH1 in CRC and uncovers another aspect of DPH1 as an oncogene. Given that DPH1 is also involved in diphthamide biosynthesis, its upregulation in CRC may also affect other signalling pathways. These effects therefore require further investigation.
Why DPH1 is upregulated during CRC tumourigenesis is an interesting problem deserving further investigation. Because miRNAs can negatively regulate gene expression, we hypothesized miRNAs may be involved in this process. As a matter of fact, increasing The EdU proliferation assay was performed after transfection of SW480 cells with pre-miR-control plus control plasmid, pre-miR-control plus DPH1 plasmid, pre-miR-218-5p plus control plasmid and pre-miR-218-5p plus DPH1 plasmid. A: Representative images. B: Quantitative analysis. (C) CCK-8 viability assay was performed after transfection of SW480 cells with pre-miR-control plus control plasmid, pre-miR-control plus DPH1 plasmid, pre-miR-218-5p plus control plasmid and pre-miR-218-5p plus DPH1 plasmid. (D and E) Cell invasion ability was analysed using transwell assays after transfection of SW480 cells with pre-miRcontrol plus control plasmid, pre-miR-control plus DPH1 plasmid, pre-miR-218-5p plus control plasmid and pre-miR-218-5p plus DPH1 plasmid. D: Representative images. E: Quantitative analysis. * P<0.05, ** P <0.01 and *** P<0.001. [19, 20] . miR-218 plays a vital role in represses cell viability and invasion during CRC development [21] . In this study, through bioinformatics analysis and a series of experiments, we demonstrated that miR-218-5p directly targets DPH1 and showed that loss of miR-218-5p leads to DPH1 upregulation. Consistent with previous studies, we also proved that miR-218-5p inhibits CRC cell viability and cell invasion. Modulation of DPH1 by miR-218-5p explains why DPH1 is aberrantly overexpressed in CRC patients. In fact, miR-218 targets many different genes, meaning that we cannot eliminate the possibility that additional targets are also influenced by miR-218-5p. For example, miR-218 has been reported to directly repress the oncogenes BRCA1 [22] , Survivin [11] and mTOR [23] . Hence, it is significant to research how crucial the newly identified pathway would be in the CRC tumourigenesis network. In this article, we found that restoration of DPH1 expression via a miR-218-5p-resistant DPH1 overexpression plasmid completely reversed miR-218-5p-induced cellular phenotypes, suggesting that DPH1 is a dominant target of miR-218-5p. However, the exact contribution of the miR-218-5p-DPH1 axis to CRC tumourigenesis still needs to be investigated further in vivo.
In conclusion, this study is the first to identify that DPH1 functions as an oncogene in CRC and can be negatively modulated by miR-218-5p to promote CRC tumourigenesis. Our findings provide new insights into the biological functions of DPH1 and the molecular mechanisms of CRC carcinogenesis.
Conclusion
DPH1 function as an oncogene and is regulated by miR-218-5p in CRC cells. The miR-218-5p/DPH1 axis plays an important role in the proliferation and invasion of CRC cells.
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